The emergence of antibiotic resistant Neisseria gonorrhoeae (GC) is a worldwide health threat and highlights the need to identify individuals who fail treatment. This Gram-negative bacterium causes gonorrhea exclusively in humans. During infection, it is able to form aggregates and/or biofilms. The minimum inhibitory concentration (MIC) test is used for to determine susceptibility to antibiotics and to define appropriate treatment. However, the mechanism of the eradication in vivo and its relationship to laboratory results are not known. A method that examines how GC aggregation affects antibiotic susceptibility and shows the relationship between aggregate size and antibiotic susceptibility was developed. When GC aggregate, they are more resistant to antibiotic killing, with bacteria in the center surviving ceftriaxone treatment better than those in the periphery. The data indicate that N. gonorrhoeae aggregation can reduce its susceptibility to ceftriaxone, which is not reflected using the standard agar plate-based MIC methods. The method used in this study will allow researchers to test bacterial susceptibility under clinically relevant conditions.
Introduction
Gonorrhea is a common sexually transmitted infection (STI) 1 . Neisseria gonorrhoeae (GC), a Gram-negative diplococcal bacterium, is the causative agent of this disease. Symptoms of genital infection can result in pain during urination, generalized genital pain, and urethral discharge. Infection is often asymptomatic 2, 3, 4, 5 , and this allows for extended colonization. These untreated infections are a major health concern, as they have the potential to facilitate transmission of the organism and this can lead to complications such as pelvic inflammatory disease (PID) and disseminated gonococcal infection (DGI) 6 . Antibiotic-resistant gonorrhea is a major public health crisis and an increasing socioeconomic burden 7 . Reduced susceptibility to cephalosporins has resulted in treatment regimen change from a single antibiotic to dual therapy, which combines azithromycin or doxycycline with ceftriaxone 8 . The increased failure of ceftriaxone and azithromycin 9, 10 , in combination with asymptomatic infections, highlights the need for understanding gonorrhea treatment failures.
The minimum inhibitory concentration (MIC) test, including agar dilution and disc diffusion tests, has been used as the standard medical test for identifying resistance to an antibiotic. Nevertheless, it is unclear if the MIC test reflects bacterial antibiotic resistance in vivo. The formation of bacterial biofilms contributes to the survival of bacteria in the presence of bactericidal concentrations of antibiotic: the MIC testing is unable to detect this effect 11 . Because GC can form biofilms on mucosal surfaces 12 , we hypothesize that antibiotic susceptibility within aggregates would be different from that seen in individual GC. Additionally, studies have shown that three phase variable surface molecules, Pili, opacityassociated protein (Opa), and lipooligosaccharides (LOS), that regulate inter-bacterium interactions, lead to different sized aggregates 13, 14, 15 . The contribution of these components to antibiotic resistance has not been examined due to the lack of proper methods.
Currently, there are several methods to measure biofilm eradication. The most widely used quantitative method is by measuring the changes in biomass using crystal violet staining 16 . However, the method requires significant experimental manipulation, which can potentially generate errors in experiment repeats 17 . The live/dead staining method used here allows visualization of live and dead bacteria and their distribution within the biofilm. However, the biofilm structure can pose as a physical barrier that reduces dye penetration. Therefore, to quantify live/dead bacteria within a group, the staining is limited to small biofilms or its precursor-microcolonies or aggregations. Other methods, including the agar dilution and disc diffusion tests, are not able to measure the effects of aggregation. To examine GC susceptibility within aggregation after antibiotic exposure, an ideal method would need to have both a quantitative assay that can measure live bacteria and visualize their distribution.
Representative Results
Two methods were employed: an ATP utilization assay and a live/dead staining assay. The results can either be combined or individually used for examining bacterial survival within aggregates after antibiotic treatment. The ATP utilization assay has been shown to measure accurately viable bacteria in S. aureus biofilms 20, 21 . Here, MS11Opa+Pil+ strain was used to examine the role of GC aggregation in antibiotic susceptibility. Non-aggregated MS11Opa+Pil+, aggregated MS11Opa+Pil+, or aggregated and then disrupted by sonication MS11Opa+Pil+ were treated with serial dilutions of ceftriaxone and the ATP level measured (Figure 1A) . In comparing the percent survival with and without antibiotic treatment, pre-aggregated GC had significantly higher survival than non-aggregated or aggregation-disrupted GC with equal at or above 0.015 µg/mL of ceftriaxone (MIC from agar dilution test (Table 4) ). MS11Opa+Pil-, MS11ΔOpa or MS11ΔLgtE, which have the same agar dilution MIC (Table 4) , but form smaller aggregates, was examined and compared to MS11Opa+Pil+ (Figure 1B) . MS11Opa+Pil+, forming larger aggregates, had the higher ATP level with ceftriaxone treatment than the mutant strains.
Live/dead staining has been used in several biofilm/aggregation-related studies 22, 23 .To determine the effect of aggregation, pre-aggregated MS11Opa+Pil+ was treated with or without ceftriaxone and imaged. This allows both visualization (which can be quantified) and the distribution of live and dead GC after antibiotic treatment (Figure 2A-left two panels) . Dead bacteria (red) were largely located at the outer layers whereas live GC (green) were located mainly in the core of ceftriaxone treated aggregates. This procedure was performed with MS11Opa+Pil-, MS11ΔOpa or MS11ΔLgtE, to examine aggregation size and survival rate (Figure 2A) . MS11Opa+Pil+ was shown to form the largest and MS11Opa+Pil-the smallest aggregates (Figure 2A,B) . MS11Opa+Pil+ aggregates were still alive in the core layer whereas GC in the small loose aggregates of MS11ΔOpaPil+, MS11Opa+Pil-, and MS11ΔLgtEPil+ were dead (Figure 2A,C) . Based on the size and survival, a correlation graph can be plotted to examine the relationship of aggregation size and antibiotic survival ( Figure 2D ). Table 4 : Minimum inhibitory concentration of GC strains treated with ceftriaxone. MS11Opa+Pil+, MS11ΔOpa, MS11ΔLgtE, and MS11Opa +Pil-were grown and suspended in GCP. Agar dilution test was then performed with serial concentration of ceftriaxone from 0.0016 -0.25 µg/ mL.
